Caffeine is one of the most commonly used central stimulants. It is frequently used for its mood and performance enhancing effects. The daily caffeine intake of Korean university students and North American adults are approximately 120 mg and 200 mg, respectively. 1,2 Caffeine increases vigilance and diminishes sleepiness, and administration of these doses stimulates attention and restores performance degraded by factors such as fatigue and boredom. Central stimulating effects of caffeine have been evaluated by quantitative electroencephalography (qEEG) analysis. Although many studies have used qEEG analysis, inconsistencies still remain regarding the effects of caffeine on electroencephalography (EEG) spectral powers. 4 These inconsistencies could be attributed to experimental differences between studies. Many studies have been conducted to clarify the effects of various parameters, such as, dose-dependency, [5] [6] [7] eyes open or closed, 6, 8, 9 and vigilance control. 9 However, recording duration for qEEG analysis has not been well considered. According to multiple sleep latency test (MSLT) studies, sleep latency in normal adults during the day is around 15 min.
segments. Also, natural vigilance changes were not disturbed by artificial stimulus to a subject.
Methods

Subjects
Eleven healthy young adults {5 females and 6 males; age 31±9 years [mean±standard deviation (SD)]} participated in this study. The study was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects, and prior approval was obtained from the Institutional Review Board of Kyungpook National University.
Protocol
Subjects went to bed at their usual time, and they were asked to refrain from caffeine-or alcohol-containing drinks for 24 hours before recording sessions. Each subject underwent two recording sessions: one after drinking decaffeinated (the control group, Maxim Decaf Coffee, DongSuh Inc., Seoul, Korea) and one after caffeinated coffee [the caffeine group, Maxim Coffee, DongSuh Inc., Seoul, Korea; 3 mg caffeine in 1 mL water per kg body weight; body weight 60.3±11.3 kg; and caffeine dose 181±34 mg (mean±SD)]. The two sessions were conducted under randomized, double-blind crossover conditions. The interval between the two sessions was at least 48 hours. EEG recording sessions were started 30 min after drinking and consisted of 2-min eyes closed, 2-min eyes open, 10-min eyes closed, and 2-min eyes open periods in sequence. Subjects sat upright in a comfortable chair and followed the instructions of eyes open/closed during the recording session.
Quantitative EEG
Details of data acquisition and analysis have been described in previous report. 11 EEG was recorded bipolarly using 21 gold disk electrodes according to the International 10-20 system using C3 and C4 as physical references. Signals were amplified and sampled at 500 Hz (JE-921A and EEG-1200K, Nihon-Kohden, Tokyo, Japan), and the signals of 19 channels were derived by averaged ears reference. Analysis was processed by Hanning window-enveloped and fast Fourier transformation of every 2-sec epoch with 1-sec overlap. Power spectra were calculated with a 0.5 Hz frequency resolution. Each spectrum was divided into powers at 8 frequency bands: Delta1, 0.5-2.0 Hz; Delta2, 2.5-4.0 Hz; Theta1, 4.5-6.0 Hz; Theta2, 6.5-8.0 Hz; Alpha1, 8.5-11.0 Hz; Alpha2, 11.5-14.0 Hz; Beta, 14.5-25.0 Hz; and Gamma, 25.5-50.0 Hz. Total power was calculated from the entire range. The log absolute powers (BA) and log relative power ratios (BRr) of the 8 frequency bands were calculated from the first (c1) and second (c2) 5-min segments of the 10-min eyes-closed period. BRr was calculated using:
Where R is a ratio of the power of each frequency band to total power.
Topographic map
Maps were based on BA or BRr values of the signals of 19 electrodes. Values were color-coded (ranging from dark blue, through shades of blue, cyan, green, yellow, red to dark red) and plotted at corresponding position on a planar projection of the scalp model. Values between electrodes were interpolated over 50×50 locations. Each BA map was scaled separately to optimize contrast by using an adequate color range. The difference between maxima and minima in each map was 3. Each BRr map was scaled using a fixed range from -2 to 0.
Statistics and comparison
Differences between band powers were tested using the paired t-test or repeated measures analysis of variance. Differences between topographic maps were expressed as dissimilarity indices (Di) between two maps as calculated using:
Where, i is the i-th band, j is the j-th electrode, Aij is a BA or BRr at the j-th electrode of the i-th band in one group, Bij is a BA or BRr at the j-th electrode of the i-th band in another group, and n is the number of electrodes.
Analysis software
Quantitative EEG analysis, construction of topographic maps and statistical comparison were done by custom-made software written in Matlab (v2007b, Mathworks, Natick, MA, USA).
Results
Topographic maps of BA are displayed in Fig. 1 . In the caffeine group than in the control group during the first segment (c1), Delta2 BA was significantly lower in the bilateral parietal region (P3, P4) and Theta1 BA in the left parietal region (P3) ( Fig. 1 left column) . During the second segment (c2), Delta2 BA was significantly lower at the wider area including the midline (Fz, Cz, Pz), bilateral central (C3, C4) and temporal (T3, T4, T6), and bilateral occipital (O1, O2) regions in addition to the bilateral parietal (P3, P4) region ( Fig. 1 middle column) .
In the control group across time (c2 compared to c1), Delta2 BA was increased at O2 and Theta1 BA at O2 and T5 ( Fig.  1 top row). Delta1 BA was decreased at F8 and Gamma BA at T4 ( Fig. 1 top row) . In contrast, no significant changes were detected in the caffeine group across time ( Fig. 1 middle row) . Significant interactions between group×segment were detected mostly in Delta2, Theta1, and Gamma BA ( Fig. 1 right bottom panel). The interactions were due to power changes in the control group, whereas no changes were observed in the caffeine group across segments.
Topographic maps of BRr are displayed in Fig. 2 . In the caffeine group than in the control group, Delta2 BRr was significantly lower in the posterior (P3, P4, and O1) region and Beta BRr was higher in the right centro-parietal (C4 and P4) region during the first segment (c1) (Fig. 2 left column) . During the second segment (c2), Delta2 BRr was lower in most regions (F3, Fz, T3, C3, Cz, C4, T4, T5, Pz, P4, T6, O1, and O2) and Theta1 BRr was lower in the central and temporal regions (T3, C3, Cz, C4, and T5) (Fig. 2 middle column) . In contrast to those during c1, Alpha2 BRr was higher in the parieto-occipital region (Pz, P4, O1, and O2) during c2 ( Fig. 2 middle column).
In the control group across time, Delta1 BRr was increased at Cz, Delta2 BRr in the fronto-temporal regions (Fp1, Fp2, F7, F4, F8, T4, and T6), Theta1 BRr in the fronto-temporal regions (Fp1, Fp2, F7, F8, T4, and T5), and Theta2 BRr at F7 (Fig. 2 top row) . Alpha1 BRr was decreased in F3, Fz, C3, Cz, T5, P3, Pz, P4, O1, and O2 ( Fig. 2 top row) . In contrast, Theta2 BRr was increased in only Fp1 across time in the caffeine group ( Fig. 2 middle row) . Significant interactions between group×segment were detected mostly in Delta2 and Gamma BRr (Fig. 2 right bottom panel) .
The dissimilarity indices of the topographic maps between groups increased about two-fold with time (from 0.057 to 0.102 in BA, and from 0.057 to 0.100 in BRr) and those between segments were about three-times larger in the control group (0.066 in BA and 0.067 in BRr) than in the caffeine group (0.027 in BA and 0.026 in BRr).
Discussion
The important finding is that the differences of band powers in the caffeine and control groups became larger with time and this was attributed to temporal changes of powers in the control group. Absolute powers increased with time in fast delta and slow theta frequencies during rest without caffeine. Similarly, relative powers increased with time in fast delta and slow theta frequencies and, in addition, were decreased in the slow alpha frequency range. These observations indicate that caffeine maintains arousal level, which changes from the wake state to sleepiness during the rest condition.
Significant differences between the caffeine and control groups were observed only at two parietal electrodes for fast delta power and at one parietal electrode for slow theta power during the first half (segment) of the recording with eyes closed. This difference expanded to 12 electrodes in surrounding regions during the second half (segment) of the recording. Our findings, particularly during the second half, correspond to some studies. Dimpfel et al. reported a decrease in EEG power in the delta and theta ranges after 400 mg caffeine at rest. 5 Landolt et al. reported theta activity reduction after 200 mg of caffeine. 12 However, our findings do not agree with those of the following studies. A reduction of alpha power and reduction of beta power have been reported in some studies. 5, 8, 13 In the present study, 3 mg/kg caffeine was used and actually 181±34 mg caffeine was used. Pritchard et al. using a dose of less than 200 mg (2.5 mg/kg body weight) found little effect of caffeine on EEG.
14 Other studies by Clubley et al. even observed an increase in delta power, 6 and Siepmann and Kirch observed a decrease in alpha and slow beta activities. 15 Reductions of fast delta and slow theta activities were more prominent in the second segment than the first segment of recording. This increase of effect with time might not be due to pharmacokinetics. In this study, caffeine was administered 30 min before the start of recording, and recording was performed from 30 min to 46 min after caffeine intake. Caffeine concentration in blood approaches a peak about 30 min after drinking. 16 Thus, we assume that EEG recordings were made during the maximal effect of caffeine. However, there is no dose-dependent relationship of caffeine effects on EEG. Therefore, the increased difference between groups with time could not be explained by a gradual increase in caffeine level. In the present study, the power of fast delta and slow theta activity in the control group were significantly different during the first and second halves of recording, while those in the caffeine group were not. Studies of MSLT and sustained attention task undertaken to examine the effects of caffeine on the central nervous system showed caffeine blocks spontaneous decrease of sleep latency during the rest and maintains reaction time and error rate in a longer period. [17] [18] [19] Therefore, significant differences were observed between the caffeine and control groups, especially during the second half, presumably because caffeine blocked spontaneous changes in arousal level during the rest, which manifested as an increase of power of fast delta and slow theta ranges in the present study.
James et al. questioned why most studies on the effects of caffeine on EEG did not show caffeine effect but rather showed reversal of caffeine withdrawal of short period. 20, 21 Actually, it was reported that withdrawal of caffeine increase sleepiness and theta power. 22, 23 These results correspond to our findings of increased slow delta and fast theta activities with time after caffeine administration. In our study, abstinence from caffeine for 24 hours before recording was implemented. Considering that the half-life of plasma caffeine is 3 to 10 hours, withdrawal could have occurred in our study. Therefore, we might have observed caffeine withdrawal effect, such as increase of delta and theta activities. Nevertheless, we can conclude that the selection of analysis period from a recording and recording time after caffeine administration can affect results. Our findings suggest that the selection of a recording segment and the choice of recording time after caffeine administration in caffeine studies should be carefully considered.
The relative power of the fast delta range decreased but that of the beta range increased during the first half of recording in the present study. Furthermore, the decrease in fast delta expanded to a wider region and the decrease in slow theta range appeared in the second half of recording. And while increased beta activity disappeared, increased alpha activity appeared during the second half. Because the effect of caffeine on relative EEG power has been little studied, we could not compare the results but only expect a trend similar to absolute power studies. It seems that changes in fast delta and slow theta ranges manifest as changes in relative alpha and beta ranges.
In this study, dissimilarity indices, which represent the difference between topographic maps of absolute powers, were calculated, in addition to the comparison at each electrode in the band power in the caffeine and control groups, and the comparison between the first and second halves of recordings (see the Methods section). The index between the caffeine and control groups increased from 0.057 during the first half of the recording to 0.100 during the second half. The index between the first and second halves was 0.067 in the control group and 0.026 in the caffeine group. The greater dissimilarity during the second half between two groups might have been due to the change in the topographic map of the control group with time rather than being due to caffeine-induced change with time. A significant group×segment interaction of powers in the fast delta and slow theta ranges was found to result from the change in the control group. Although there was no significant difference of power in the gamma range between the two groups, a significant group×segment interaction of powers in gamma range was observed. Similar findings were observed in the topographic maps of relative powers.
The results indicate that selection of analyzing segment is one important factor for determining qEEG, and suggest that caffeine can prevent a decline in arousal level and changes in EEG spectral parameters that occur spontaneously during rest. Furthermore, they show that the simple 'dissimilarity index' can well represent the effect of caffeine on EEG spectral powers.
